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D
uring the past 5 decades, the prevalence of overweight and obesity has been increasing among women of reproductive age. 1 In the meantime, high blood pressure (BP) remains the leading public health challenge globally for women. 2 It is estimated that 40% of new hypertension cases in women could be attributed to being overweight or obese (body mass index [BMI] ≥25.0) and that 50% of new cases could be attributed to a BMI of ≥23.0.
3 Excessive gestational weight gain (GWG) is a well-established risk factor for elevated BP during pregnancy, as well as for postpartum weight retention, and, thus, leads to long-term maternal overweight and obesity. 4 It has been shown that maternal obesity and GWG are associated with adverse obstetric and neonatal outcomes. 5 Moreover, greater GWG is associated with higher risk of offspring overweight and obesity in later life. 6, 7 Therefore, the prevention of excessive GWG could be an effective strategy not only to reduce obesity-associated pregnancy outcomes but also to address the rising global burden of obesity.
To support optimal pregnancy outcomes, the Institute of Medicine (IOM) has developed guideline for GWG. 8 On average, for women with normal BMI (18.5-25 .0) measured at the first trimester, there is a total GWG (tGWG) of ≈13.7 kg from <14 weeks to delivery. 9 Meanwhile, it is generally acknowledged that midpregnancy BP drops at ≈20 weeks followed by an increase until term, 10, 11 which is the basis for the current clinical guidelines for hypertensive disorders in pregnancy diagnosis. Notably, a unique feature of body weight (BW) and BP during pregnancy lies in their codevelopmental relationship in a relatively short period. Despite a consistent finding of a midpregnancy drop in diastolic BP (DBP) across different ethnic backgrounds, [12] [13] [14] [15] the existence of a midpregnancy systolic BP (SBP) drop remains under debate. [16] [17] [18] [19] Moreover, the Abstract-The longitudinal exposure-response relationship between trimester-specific gestational weight gain (GWG) and blood pressure (BP) during pregnancy is not well understood. We retrospectively assessed 1112 uncomplicated, normotensive pregnant women whose body weight and BP were measured from 12 +0 to 40 +0 weeks of gestation from a hospital-based cohort. By using growth curve modeling, a J-shaped pattern dominated diastolic BP (DBP) changing dynamics, with a midpregnancy drop at 20 +0 to 22 +0 weeks followed by a rebound. Using group-based trajectory modeling, 3 distinctive trajectories of DBP were identified: high-J shaped (18.5%), moderate-J shaped (48.3%), and low-J shaped (33.1%), as well as 3 distinctive GWG trajectories: high increasing (14.7%), moderate increasing (48.6%) and low increasing (36.8%). A temporal coincidence between the maximal rate of GWG and DBP transition from its nadir to rebound was observed during 20 +0 to 22 +0 weeks. Moreover, women in the high-increasing GWG group had the highest probability of being in the high-J DBP group. The GWG rate during the late midsecond trimester (22 +0 to 26 +0 weeks) was consistently associated with an elevated DBP level: for every 200 g/wk increase, the multivariable-adjusted odds ratio was 1.27 (95% confidence interval, 1.13-1.43) for the trajectory shift to the high-J group and 1.20 (95% confidence interval, 1.07-1.35) for the occurrence of diastolic prehypertension after 37 +0 weeks. Furthermore, adding a trimester-specific GWG rate (22 +0 24 and the occurrence of gestational hypertension and preeclampsia. Compared with these BW measurements, trimester-specific GWG is increasingly recognized as an important measurement for antepartum evaluation by providing a unique time window for weight control. 7, 25 Moreover, accruing evidence has indicated that even a mildly elevated BP level-that is, prehypertension (120-140/80-90 mm Hg) confers a risk for antepartum and postpartum complications. [26] [27] [28] [29] Therefore, to provide the timing and extent of BW control relevant to the optimized BP level during pregnancy, we sought to address (1) the dynamic profiles and interrelationships between SBP, DBP, and trimester-specific GWG in a normotensive subpopulation from a hospital-based pregnancy cohort and (2) the exposure-response relationships and predictive values of trimester-specific GWG and subsequent BP changes during normotensive pregnancy.
Methods

Study Cohort
We conducted a retrospective analysis using data collected from a hospital-based cohort of pregnant women from 12 +0 ±1 gestational weeks till term at Guangdong Women and Children Hospital in southern China. The inclusion criteria included (1) singleton pregnancy, (2) nonsmokers, (3) no a history of alcohol or substance abuse, (4) no history of vaginal bleeding, and (5) Han nationality (the ethnic majority in China). The study design and flowchart for data analysis are shown in Figure 1 . A standardized questionnaire was completed for every participant through interviews and patient medical records. After delivery, 1486 participants were confirmed without pregnancy complications (definitions of complicated pregnancies are shown in the online-only Data Supplement). Among them, 374 subjects with recalled BW at baseline (12 +0 ±1 weeks) because of inconvenience of weighting in light clothing were excluded for analysis. The remaining 1112 subjects were included for analysis (white box without shading in Figure 1 ). Informed consent was obtained from all participants in accordance with the Declaration of Helsinki, and the study was approved by the Hospital Ethics Committee. (4 weeks) , and between Visit 9 (delivery) and Visit 5 . The detailed visit protocol is presented in Figure S1 in the online-only Data Supplement. The rate of dGWG was calculated using the specific dGWG divided by the time interval between the 2 visits. The baseline BMI ( 
Antepartum Visits and Measurements
Statistical Analysis
We used growth curve modeling to fit serial gestational BP and tGWG measurements from Visit 1 until Visit 9 , using STATA procedure xtmixed to fit unconditional and baseline BMI-adjusted models, as well as models with the incorporation of interaction terms (BMI and week). To identify the distinctive subgroups sharing similar underlying tGWG and BP trajectory in this cohort, 31 we performed group-based trajectory modeling (GBTM) using the STATA procedure traj developed by Jones and Nagin. 32 After the optimal trajectories for tGWG and BP were established, we then used dual trajectory modeling linking the conditional probabilities of membership across trajectory groups. 31 The predicted GWG rates (BW growth rate, kg/ wk) for each fitted tGWG trajectory curve were calculated as the first derivatives of predictive values using the STATA code dydx. To examine the exposure-response relationship between dGWG and DBP changes, a specific dGWG rate was entered into GBTM as a risk factor (before the time of DBP modeling) in association with DBP trajectories that modeled after the dGWG exposure. For the prediction of late-pregnancy DBP prehypertension, univariate (DBP only) followed by trimester-specific adjusted logistic regression with 1000 bootstrapping replications was performed. All statistical analyses were performed using STATA version 14.1 (STATA Corp, College Station, TX), and detailed methods are provided in the online-only Data Supplement. 
Results
Study Population Profile
After excluding subjects with complicated pregnancies, 1112 normotensive pregnant women, with 7657 BW measurements and 6833 BP measurements, were analyzed. The baseline, antepartum, and delivery characteristics of this cohort are shown in Table 1 . There was a significant increase in both baseline and delivery SBP and DBP levels with the increase in baseline BMI. By contrast, at delivery, tGWG and gestational age presented a statistically decreasing trend as the increase in baseline BMI (Table 1) . There was no difference in maternal age, education level, parity, Caesarean section rate, and neonatal weight, as well as glucose and lipid levels at term in underweight, normal weight, and overweight/obese participants (Table 1) .
BP and tGWG Modeling During Pregnancy
The average trends of BP and tGWG from 12 +0 weeks to term as captured by growth curve modeling showed that both the baseline and developmental trends of BP levels were determined by baseline BMI levels, with the highest level in women with BMI >25.0, followed by those with a BMI between 18.5 and 25.0, with the lowest level for BMI <18.5 ( Figure S2 in the online-only Data Supplement). SBP curves presented with a continuously increasing trend during pregnancy, whereas DBP curves showed a J-shaped change that dropped from 12 +0 weeks until ≈22 +0 weeks at its nadir level, followed by BMI indicates body mass index; DBP, diastolic blood pressure; GWG, gestational weight gain; HDL-C, high-density lipoprotein cholesterol; IOM, Institute of Medicine; LDL-C, low-density lipoprotein cholesterol; and SBP, systolic blood pressure.
*The IOM guideline for GWG rate in second and third trimesters: GWG rate ≤0.59 kg/wk for underweight, GWG rate ≤0.45 kg/wk for normal weight, and GWG rate ≤0.32 kg/wk for overweight. a gradual rebound until delivery. Notably, baseline BMI had a continuous and graded impact on SBP, with a ≈5.0 mm Hg difference among the 3 categories, whereas an overt impact of BMI on the DBP level was only observed in participants with BMI >25.0. The growth curves of tGWG showed an inverse relationship between the baseline BMI and tGWG: the higher the baseline BMI category was, the lower the magnitude of tGWG would be ( Figure S2C in the online-only Data Supplement).
Using GTBM, we identified 3 trajectories for DBP with quadratic specifications for all groups (Figure 2A ), which were named by their visual patterns: high-J-shaped, moderate-J-shaped, and low-J-shaped groups. Consistent with growth curve modeling, all 3 DBP trajectories reached the nadir level at ≈22 +0 weeks, with a gradual rebound thereafter. We identified 3 trajectories for SBP with linear and quadratic specifications ( Figure 2B ). In agreement with growth curve modeling, all SBP trajectory groups presented with a continuously increasing trend during pregnancy. For tGWG, we also identified a 3-trajectory group model with quadratic specifications for all groups, visually named low increasing, moderate increasing, and high increasing, respectively ( Figure 2C ). We then plotted the rates of 5 dGWG by 3 tGWG trajectory groups in Figure 2D , which showed that all 3-trajectory groups presented with a hump-shaped trend, with the maximal rate occurring between 22 +0 and 26 +0 weeks. In addition, after fitting the data derived from the first derivation (tangent slope of tGWG) of each tGWG trajectory, we found obvious differences in the rates of GWG among the 3 tGWG trajectory groups ( Figure 2E ).
The temporal coincidence between the DBP transition from its nadir to rebound and the maximal GWG rate allowed us to hypothesize that the midpregnancy DBP rebound and trimester-specific GWG rate are linked. Dual trajectory analysis revealed that with the tGWG membership shifting from the low-increasing group to the high-increasing group, there was a graded increase of the linked probability of membership in the high-J DBP trajectory, which was accompanied by a reciprocal decrease in the linked probability of membership in the low-J DBP trajectory, with a relatively unchanged probability of membership in the moderate-J DBP trajectory ( Figure S3A in the online-only Data Supplement). This suggests a proportional membership shift from low-J to moderate-J, and then to high-J DBP trajectory as the shift in tGWG membership from lower level to higher levels. Compared with linked probabilities between the DBP and tGWG groups, however, there was no obvious increase in the high-increasing SBP membership probability when membership shifting from the moderate-increasing to the high-increasing tGWG group ( Figure S3B in the onlineonly Data Supplement).
Relationship Between Trimester-Specific GWG Rates and Changes in DBP
To examine the relationship between GWG exposure and subsequent changes in DBP, the outcomes of DBP changes were defined as follows: (1) education level, baseline BMI, and parity, the GWG rate during late midsecond trimester (22 +0 to 26 +0 ) was consistently associated with an elevated DBP level. Specifically, for every 200 g/wk increase, there is a 23% to 28% increase in the odds ratio for DBP trajectory shift to the high-J group, a 21% to 24% increase in membership in the high-J group, and a 16% to 20% increase in DBP prehypertension after 37 +0 weeks of gestation.
We next examined the time-varying effects of the trimester-specific GWG rate on the changes in DBP trajectories. Because the recommended GWG rate during the second and third trimesters by the 2009 IOM guideline is based on the prepregnancy BMI, within 1.0 pound per week (≈0.45 kg/wk) for a BMI 18.5 to 25.0, 8 we used GWG rates of 0.45 kg/wk and the median (0.68 kg/wk) of our cohort during 22 +0 to 26 +0 weeks of gestation as the cutoff value to determine changes in the DBP trajectories exceeding the above 2 thresholds. As shown in Figure S7 in the onlineonly Data Supplement, for IOM-and East Asian criteriondefined normal subjects, a GWG rate exceeding 0.45 kg/ wk during 22 +0 to 26 +0 weeks led to a statistical increase in the DBP in the high-J group of subjects with IOM-defined normal weight, with a nonstatistical increase in the high-J group of subjects with a BMI of 18.5 to 23.0. For those with a GWG rate exceeding 0.68 kg/wk during 22 +0 to 26 +0 weeks, there was an obvious increase in the DBP level in the high-J group of both BMI categories. However, a GWG rate exceeding the above 2 thresholds did not have a statistically significant impact on the DBP level in the moderate-J and low-J trajectories, which indicate that excessive trimesterspecific GWG-induced DBP elevation is more aggressive in those with a higher DBP level.
Predictive Values of Trimester-Specific GWG Rates for Late-Pregnancy DBP Prehypertension
Univariate logistic regression revealed that DBP values obtained before 37 +0 weeks consistently predicted DBP prehypertension from 37 +0 weeks, with a gradual increase in the odds ratio and C statistics when the measured time approached 37 +0 weeks (Table 2) . These results are in agreement with linear correlation analysis showing that DBP measured at earlyor midpregnancy and DBP measured at late pregnancy were modestly correlated and that the closer the measured time approached late pregnancy, the higher the correlation was ( Figure S8 in the online-only Data Supplement). Further analysis showed that only the GWG rate between 22 +0 and 26
+0
weeks remained significant in combination with DBP measured at 22 +0 or 26 +0 weeks in the multivariate model (Table 2) . Despite the high performance of models incorporating DBP measurements obtained after 26 +0 weeks, their values for early perdition were limited.
We then used a trimester-specific GWG rate (22 +0 to 26 +0 weeks) in combination with its associated DBP measurements (measured at 22 +0 weeks and 26 +0 weeks) for latepregnancy DBP prehypertension prediction. We categorized DBP into 7 levels-<60, 60 to 64, 65 to 69, 70 to 74, 75 to 79, 80 to 84, and 85 to 89 mm Hg-and calculated the best cutoff value by the Youden Index for the GWG rate between 22 +0 and 26 +0 weeks (0.79 kg/wk). As shown in Figure 4 , despite a similar area under the curve, the model incorporating DBP at 22 +6 weeks had a statistically improved area under the curve compared with the DBP-only model and was well calibrated. The model using DBP measured earlier (22 +0 weeks) had a borderline significance in area under the curve improvement and was not well calibrated. Collectively, these results support the incremental yield by incorporating second trimester-specific GWG rate (22 +0 -26 +0 weeks) into the DBP-based prediction model for excessive DBP rebound in late pregnancy.
Discussion
To our knowledge, this is the first study to investigate the developmental relationship between BP and GWG during pregnancy. Using 2 approaches for BP and GWG tracking, we found that (1) SBP presents a continuously increasing trend during pregnancy, whereas a J-shaped pattern dominates A B C Figure 3 . The exposure-response relationships between trimester-specific gestational weight gain rates and elevated diastolic blood pressure (DBP) levels thereafter during pregnancy. Data are presented as changes in odds ratio (and 95% confidence interval) with the increase of per 200 g/wk increase in body weight. Covariates for adjustment include age, educational level, baseline body mass index (BMI) and parity. A, Changes in odds ratio for trajectory shift to high-J DBP membership (using low-J group as reference). Related data are presented in Tables S3 through S5 in the online-only Data Supplement. B, Changes in odds ratio for being membership in high-J DBP group (low-J and moderate-J groups are combined as controls). C, Changes in odds ratio for being diastolic prehypertension from 37 +0 wk to delivery.
DBP changing dynamics, with a midpregnancy drop at 20 +0 to 22 +0 weeks followed by a rebound until term; (2) GWG and DBP developments are temporally linked, and the peak GWG rate that occurs during the late second trimester (22 +0 to 22 +6 weeks) is quantitatively associated with DBP rebound thereafter; (3) the late second trimester GWG rate offers an additive value for the prediction of DBP rebound at term. Our results support a causal role of the trimester-specific GWG rate in triggering midpregnancy DBP rebound, and, for the first time, highlight the potential clinical benefit of trimester-specific weight control in the prevention of excessive DBP elevation. Currently, 20 weeks after gestation is the critical timing for hypertensive disorders in pregnancy diagnosis. 33 However, the distinction between trimester-dependent SBP and DBP changes has not been generally accepted. Although we observed a statistically significant DBP drop at 22 +0 weeks, SBP presents a continuously increasing trend from 12 +0 weeks. This finding is in agreement with previous reports. [16] [17] [18] [19] In addition, the midpregnancy DBP drop was also confirmed by the Avon Longitudinal Study of Parents and Children 15 and other observational studies. 13, 14 A recent study from Brazil showed that, for women without a midpregnancy SBP drop, they still present a DBP drop. 12 In the present work, in DBP growth curves and GBTM-identified DBP trajectories, we consistently observed a midpregnancy DBP drop. Collectively, regardless of the controversy in the SBP changing pattern, a midpregnancy DBP drop followed by rebound is consistently reported during normal pregnancy across different ethnic backgrounds.
In terms of the relationships among obesity, GWG, and the elevated BP level, extant literature has focused primarily on hypertensive disorders in pregnancy, especially preeclampsia. 24, 34, 35 In the present work, we retrospectively analyzed a normotensive subpopulation from a hospitalbased cohort, with a focus on the impact of the physiological variation of GWG and BP changes. The 3 GWG trajectories all presented a hump-shaped pattern in their GWG rates ( Figure 2D) , with an incremental difference in the magnitude and peak level during 22 +0 to 22 +6 weeks. It is generally believed that GWG rate is slower in the first trimester than in the second and third trimesters. 8 By reanalyzing data from a Canadian report, 36 we observed a similar trend that the maximal GWG rate occurs during the late second trimester ( Figure S9 in the online-only Data Supplement). Using dual trajectory analysis, we found that the membership probabilities between GWG and DBP trajectories were also closely linked, and their exposure-response relationship was confirmed with the following evidence: (1) only the time period with a maximal GWG rate (22 +0 to 26 +0 weeks) consistently predicted subsequent DBP elevation; (2) adding time-varying covariates in GBTM revealed that trimesterspecific excessive GWG exceeding IOM recommendation (>0.45 kg/wk) led to a DBP elevation in the high-J-shaped trajectory thereafter, with an incremental effect as the GWG rate increased. Thus, our results indicate that the late second trimester GWG rate is critical for DBP rebound during pregnancy. Mechanistically, excessive GWG during the second and third trimesters, as the indicator for overnutrition, would further exacerbate decreased insulin sensitivity at this time as the results of placentally and nonplacentally derived hormones, 37 thus influencing DBP trajectory thereafter. This work has the following strengths. First, each participant has 6.9 measurements for GWG and 6.2 measurements for BP on average, allowing robust modeling of their relationship. Second, by applying multiple built-in functions in GBTM-that is, risk factors linking group membership, covariate with time-varying effect and dual trajectory analysis-the exposure-response relationship between excessive GWG and DBP rebound during pregnancy was established with solid evidence. These 2 temporally overlapping changes cannot be fully uncovered using the conventional approach with the inefficient use of longitudinal data.
This work has the following limitations. First, although a prospective analysis is more preferable, to examine the developmental relationship between GWG and BP change in uncomplicated and normotensive pregnancy, we have to exclude participants with complications that usually diagnosed after midtrimester, which inevitably renders an analysis with retrospective manner from this cohort. Second, we only measured BP once at each visit, which may lead to overestimation and larger variance. 38 However, we expect that the measurement was well performed by our experienced staff because means and SDs are consistent with other normotensive pregnancy studies using multiple BP measurements. 16, 39 Third, our cohort is based on a tertiary specialized hospital in China, which leads to a higher proportion of high-risk pregnancies 40 and is subject to potential selection bias. In addition, our cohort is only composed of the Chinese Han population. The generalizability of our results to other ethnic populations thus needs further analysis. As previously mentioned, the mid-DBP drop, regardless of its magnitude, is consistently reported in different ethnic backgrounds, suggesting an ethnic-independent phenomenon, further fortifying our findings. Fourth, as a common limitation in a pregnancy study, we do not have information on preconception BMI; thus, we used the enrollment (12 +0 ±1 weeks) BMI as the surrogate. This limitation contributes to the lack of GWG information during the first trimester, which is commonly assumed to be 2.0 kg for all women. 8 Fifth, the sample size of the present work does not allow us to build more models across different BMI categories, and future work is needed to develop and externally validate models for subpopulations.
In agreement with previous studies, 16, 41 our data showed that the correlation coefficients between DBP measured during early and late pregnancy are modest, and the closer the measured time approaches the third trimester, the higher the correlation was. Thus, our attempt to add the trimester-specific (22 +0 to 26 +0 weeks) GWG rate to the DBP-based model significantly improving the accuracy for elevated DBP (prehypertension) not only highlights the potential pathophysiological mechanism underlying midpregnancy rebound but also provides a new prediction model for late-pregnancy DBP elevation using early measurements. To the best of our knowledge, this is the first study to develop a prediction model for late-pregnancy DBP elevation using early DBP measurementbased risk stratification by incorporating the additive value of trimester-specific GWG rate. The late second trimester, during which the maximal GWG rate occurs, is a critical transition period for future DBP rebound during pregnancy. Our study suggests a trimester-specific manner of gestational weight control for BP management and highlights the importance of multiple BP and GWG measurement-based risk prediction models during routine antepartum visits.
Perspectives
The late second trimester, during which the maximal rate of GWG occurs, is a critical transition period for DBP rebound during pregnancy. Incorporation of the trimester-specific GWG rate into the DBP-based model further improves prediction performance for late pregnancy DBP elevation. Our results provide the timing and extent of gestational weight control relevant to the optimized BP level during pregnancy. 
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